A simple, rapid, sensitive and high throughput method is described, based on solid-phase disk extraction (SPDE) and gas chromatography-electron capture detection, for the determination of chlorobenzens (CBs) in water samples. The proposed SPDE sample pretreatment method was initially optimized and the optimum experimental conditions were found to be as follows: 500 mL water sample ( pH 2.5) extracted and enriched by an Empore 3-stn C18 (octadecyl) SPE disk at flow rate of 5 to 50 mL/min, eluted by 5 mL of acetone and 3 3 5 mL of methylene dichloride. The linearity of the method ranged from 0.02 to 0.4 mg/L for dichlorobenzene isomers, 0.0022 -0.044 mg/L for trichlorobenzene isomers, 0.005-0.01 mg/L for tetrachlorobenzene isomers and 0.00025 to 0.005 mg/L for pentachlorobenzenes and hexachlorobenzenes, with correlation coefficients ranging between 0.9991 and 0.9999. The limits of detection were in the low ng/L level, ranging between 0.05 and 4 ng/L. The recoveries of spiked CBs with the external calibration method at different concentration levels in deionized/distilled water, tap water and sea water samples were 99-115, 91-106% and 96-110%, respectively, and with relative standard deviations of 4.5 -7.6, 4.2 -6.8 and 3.6 -6.6% (n 5 5), respectively. It is concluded that this method can successfully be applied for the determination of CBs in deionized/ distilled water, tap water and sea water samples.
Introduction
Chlorobenzenes (CBs) are a class of aromatic compounds with 1 -6 chlorine substituents, which have been introduced into the environment primarily as solvents, deodorants, products of phenol and pesticide manufacturing and other chemical products for several decades; they are widely distributed in the aquatic environment as a result of the uncontrolled release of effluents and industrial atmospheric discharges (1 -2) . CBs are hazardous to health and can cause liver and renal cancer in mammals (3) . Therefore, they have been listed as priority pollutants by the US Environmental Protection Agency (EPA) and the European community (4 -7) .
Until now, trace analysis of CBs in water is usually performed by gas chromatography (GC) with electron capture detection (ECD) or mass spectrometry (MS), combined with a sample pretreatment method such as liquid -liquid extraction (LLE) (8 -9) , solid-phase extraction (SPE) (10) (11) , liquid-phase microextraction (LPME) (12) (13) , headspace solid-phase microextraction (HS-SPME) (14) (15) (16) (17) (18) (19) , headspace liquid-phase microextraction (HS-LPME) (20) (21) (22) (23) , dispersive liquid -liquid microextraction (DLLME) (24) , microwave extraction (25) , and static headspace (static HS) (26) . Solid-phase disk extraction (SPDE) is another form of SPE. It contains a disk and high throughput sample processing can be achieved because the section of the disk is large and the mass transfer rate becomes faster. Meanwhile, the adsorbent particle size of the disk is small and distribution is uniform, which increases the surface area and improves the mass transfer process. Therefore, it can extract a large volume of water samples. In addition, by using SPDE, water samples can be directly extracted in the wild, not in the laboratory, which either narrows the sample to a small size during the transportation process or stabilizes pollutants adsorbed in the disk more than in the water stored in the refrigerator (27) .
It is well known that GC-ECD was the predominant analytical technique for selective and sensitive determination of organohalogens during the past half-century. In the present work, the suitability of SPDE and GC -ECD was investigated for the determination of 11 CBs in water samples. The proposed method was optimized by controlling parameters such as selection of eluent, volume of eluent, pH value of water samples, flow of water samples and salinity of water samples. The performance of the developed protocol was evaluated and compared to that of other analytical methods. At last, the applicability of the proposed method was checked by the analysis of three natural water samples.
Experimental

Chemicals and reagents
All chemicals and reagents were of analytical grade and used without further purification. Ultrapure water (Mili-Q Plus 185; Millipore, Billerica, MA) was used throughout the experiment. Methanol (99.9%) and sodium chloride (NaCl) were obtained from Merck (Darmstadt, Germany). 1,3-Dichlorobenzene (1,3-DCB), 1,4-dichlorobenzene (1,4-DCB), 1,2-dichlorobenzene (1,2-DCB), 1,3,5-trichlorobenzene (1,3,5-TCB), 1,2,4-trichlorobenzene (1,2,4-TCB), 1,2,3-trichlorobenzene (1,2,3-TCB), 1,2,3,5-tetrachlorobenzene (1,2,3,5-TeCB), 1,2,4,5-tetrachlorobenzene (1,2,4,5-TeCB), 1,2,3,4-tetrachlorobenzene (1,2,3,4-TeCB), pentachlorobenzene (PeCB) and hexachlorobenzene (HCB) were purchased from Dr. Ehrenstorfer Gmbh (Augsburg, Germany).
The stock standard solutions of CBs (100 mg/L) were prepared in methanol and stored in the dark at 48C. These stock standard solutions were diluted with methanol to prepare a mixed stock of analytes so that the concentration of the mixture was 0.8 mg/L with respect to 1,3-DCB, 1,4-DCB and 1,2-DCB; 0.088 mg/L with respect to 1,3,5-TCB, 1,2,4-TCB and 1,2,3-TCB; 0.02 mg/L with respect to 1,2,3,5-TeCB, 1,2,4,5-TeCB and 1,2,3,4-TeCB; and 0.01 mg/L with respect to PeCB and HCB. Working standard solutions were freshly prepared by diluting the mixed standard solution with ultrapure water to the required concentrations; the operating process was the same as for the analysis of the real samples. NaCl was used to adjust the ionic strength of the aqueous samples.
Instrumentation
The analysis of CBs was performed on a Varian 450 gas chromatograph equipped with an electron capture detector. The GC was fitted with DB-5 ms capillary column (30 m Â 0.25 mm, i.d., 0.25 mm phase thickness, 5% phenyl -95% methyl polysiloxane) from Varian (Corona, CA). The injection port was held at 2208C and used in splitless mode with a splitless time of 0.75 min. A constant flow (1 mL/min) of nitrogen was used as a carrier gas. The analysis was performed with an initial column temperature of 408C, held for 4 min and followed by heating to 1608C at 108C/min (held for 1 min), and finally, followed by heating to 2208C at 108C/min and holding at 2208C for 5 min to clean the column. The ECD temperature was maintained at 3008C.
Data acquisition and processing were conducted by a Varian Star 450C chromatogram workstation (Varian) and a computer.
Sampling and preservation
Deionized/distilled water was obtained from a shop, tap water was collected from a laboratory and sea water was collected from coastal waters of Zhoushan. Tap or sea water samples were collected in 500 mL amber glass bottles. The water samples were filtered through 0.22 mm filters to remove suspended solids. The water samples were stored at 48C and analyzed within one day of collection. When the time between sample collection and analysis exceeded one day, samples could be stored at -208C for up to 7 days or extracted by C18.
Sample preparation
Working standard solutions and water samples were extracted onto the Empore 3-stn C18 (octadecyl) SPE disk (47 mm, 500 mg; Gast Manufacturing Co., Redditch, UK) using a vacuum filtration apparatus. Before use, the disk was conditioned with 20 mL of ethyl acetate, 10 mL of acetone, 20 mL of methanol and 20 mL of ultrapure water (in this step, the disk was not allowed to soak in contact with air). Five hundred milliliters of the water sample or the water sample spiked with analytes was passed through the preconditioned disk for sample analysis or recovery tests at a flow rate of 25 mL/min. After sample extraction, the disk was allowed to dry in air under vacuum for 5 min. Thereafter, analytes were eluted into test tubes with eluent (5 mL of acetone and 3 Â 5 mL of methylene dichloride). In this step, the elution solvent was rinsed down the sides of the glass filtration apparatus. The SPDE process needed approximately 35 min for each sample, and three samples could be performed simultaneously in the laboratory. The eluent was concentrated on an R-215 rotary evaporator (BÜ CHI Labortechnik AG, Flawil, Switzerland) to dryness and reconstituted in 1.0 mL of n-hexane.
During the solvent evaporation step, the temperature of the rotary evaporation bath device was 358C and the vacuum degree of the water pump was 0.1 MPa. The solvent evaporation step needed only approximately 5 min for each sample. Considering both the SPDE process and the solvent evaporation step, the sample throughput of this method was approximately 2 h per 9 samples. Finally, 1 mL was injected into the GC-ECD system for analysis. The separation of CBs through the chromatographic column was performed by using the previously discussed temperature program. Finally, the retention time was used for identification and the external standard method was used for quantitation.
Not only CBs, but also methylene dichloride, are toxic. It has been reported that methylene dichloride induced mouse liver and lung tumors (28) and is possibly carcinogenic to humans (29) (30) . There was sufficient evidence in experimental animals for the carcinogenicity of methylene dichloride (29 -30) . Extreme care must be taken when dealing with CBs and methylene dichloride due to their suspected toxicity. Safety glasses, lab coats and gloves must be worn. All sample and standard preparations, SPDE processes and solvent evaporation steps must take place in the fume hood. Good laboratory practice must be followed. All staff must be properly trained to work with highly toxic chemicals, periodic assessments of laboratory contamination must be conducted and there must be a protocol for disposal of contaminated waste.
Method validation
Specificity
The specificity of the method was determined by the analysis of three natural water samples to evaluate possible impurities and interferences. The sample preparation was optimized to guarantee that no interferences incurred at the retention times of the target analytes.
Linearity
Linearity test solutions were freshly prepared by diluting the mixed standard solution with ultrapure water to the required concentrations, and a certain amount of NaCl was used to adjust the ionic strength of the linearity test solution. Calibration curves were drawn by using six spiking levels of CBs in 500 mL of ultrapure water in the concentration ranges of 0.02 -0.4 mg/L with respect to DCB, 0.0022 -0.044 mg/L for TCB, 0.0005 -0.01 mg/L for TeCB and 0.00025-0.005 mg/L for PeCB and HCB (in other words, after the SPDE process, the concentrations were in the ranges of 10 -200 mg/L with respect to DCB, 1.1 -22 mg/L for TCB, 0.25 -5 mg/L for TeCB and 0.125 -2.5 mg/L for PeCB and HCB in 1 mL of n-hexane). Calibration curves were plotted among the responses of peak area versus analyte concentration. The dynamic linear ranges (DLRs), regression equations and correlation coefficients (r 2 ) of the calibration curve are reported. To examine the repeatability of the proposed method, three replicate analytical processes were performed at optimal conditions [500 mL of ultrapure water spiked with a certain amount of CBs with concentrations of 0.2 mg/L for DCB, 0.022 mg/L for TCB, 0.005 mg/L for TeCB and 0.0025 mg/L for PeCB and HCB ( pH 2.5) was eluted by 5 mL of acetone and 3 Â 5 mL of methylene dichloride at a flow rate of 25 mL/min], and the relative standard deviation (RSD) of the peak area was calculated.
Limit of detection
The limits of detection (LODs) of 11 CBs were based on a signal-to-noise ratio of three (S/N ¼ 3).
Accuracy and precision
Accuracy was expressed as recovery, calculated by the measured concentration/the fortified level Â 100%. It was measured by using five determinations at three concentrations (0.02, 0.1 and 0.2 mg/L for DCB; 0.0022, 0.011 and 0.022 mg/L for TCB; 0.0005, 0.0025 and 0.005 mg/L for TeCB; 0.00025, 0.00125 and 0.0025 mg/L for PeCB and HCB, respectively), and the RSD was calculated. Both recovery valuees and RSDs of the method were tested with spiked water samples at three different concentrations. The precision was expressed as RSD.
Results
Effect of eluents
It was necessary to elute the analytes of interest by using an appropriate solvent, without removing the retained matrix compounds. Acetone, methylene dichloride, n-hexane, petroleum ether, ethyl acetate and acetonitrile were considered to elute the analytes from the disk. Because acetone is a strong solvent that is suitable for dissolving different polar compounds, the disk was first eluted with 5 mL of acetone. After this, 5 mL of other eluents were used three times. The elution efficiency levels of different eluents are shown in Figure 1 . As shown in the figure, Eluents 1, and 4 had high extraction efficiency values ranging from 76 to 104% for TeCB, PeCB and HCB. Except for Eluent 1, the other eluents had low extraction efficiency values for DCB and TCB. Concerning the extraction efficiency values of all analytes, 5 mL of acetone and 3 Â 5 mL of methylene dichloride were used to elute the analytes from the disks.
Effect of the eluent volume
The effect of eluent volume on the extraction efficiency values of the analytes was studied by using the gradient elution solvent of acetone and methylene dichloride. For all analytes, the relationship between their extraction efficiency values and the volume of eluent is shown in Figure 2 . By increasing the volume of methylene dichloride from 1 Â 5 to 3 Â 5 mL, the extraction efficiency values increased significantly. Moreover, compared with 3 Â 5 mL, the extraction efficiency values displayed only minor changes when the eluent volume was increased to 4 Â 5 mL. It was proved that extraction efficiency values of 72 -104% could be obtained with 3 Â 5 mL. Therefore, 5 mL of acetone and 3 Â 5 mL of methylene dichloride were used in the following experiments.
Effect of pH value of the water sample The extraction efficiency of each analyte was investigated in the pH range of 2.5 -9.0 by using 1 mol/L of hydrochloric acid and sodium hydroxide solution to adjust the pH value of the water sample, as shown in Figure 3 . The results showed that better extraction efficiency values of the analytes were achieved under acidic conditions than under neutral or alkaline conditions. This may be because CBs are slightly easier to absorb in C18 disks under acidic conditions ( pH 2.5). When the pH value ranged from 2.5 to 9.0, the extraction efficiency values ranged from 69 to 110%. Except for DCB, the extraction efficiency values ranged from 80 to 110%, which met the requirements of the analysis method. To obtain better extraction efficiency, the pH value of the water sample was fixed at 2.5.
Effect of flows of the water sample
The effect was studied of the flows of the water sample on the recovery values of the analytes. The results showed that the flows of the water sample (ranging from 5 to 50 mL/min) had no significant influence.
Effect of salinity of the water sample
The effect of the salinity of the water sample on recovery values of the analytes was studied. The results showed that the salinity of the water sample (ranging from 0 to 5%) had no significant influence.
Method validation
Specificity
To check the specificity of the method, interference from impurities around the retention times of the analytes was investigated by the analysis of three different blank water samples (deionized/distilled water, tap water and sea water). The results showed no interferences at the retention times of target analytes. To examine the repeatability of the proposed method, three replicate analytical processes were performed at optimal conditions [500 mL of ultrapure water, spiked with a certain amount of CBs with concentrations of 0.2 mg/L for DCB, 0.022 mg/L for TCB, 0.005 mg/L for TeCB, 0.0025 mg/L for PeCB and HCB ( pH 2.5), was eluted by 5 mL of acetone and 3 Â 5 mL of methylene dichloride at a flow rate of 25 mL/min]. The DLR, regression equations, r 2 and LODs were calculated and summarized in Table I . The LOD values were based on S/N ¼ 3. The RSDs (n ¼ 3) were in the range of 3.1 to 6.8% for 11 CBs. A comparison is also summarized in Table I of the LODs of the proposed method (SPDE-GC-ECD) with other previously studied techniques for the determination of CBs in water samples, such as EPA 8121 GC-ECD (31), SPE-GC-MS (11), HS-SPME-GC-MS (14) , HS-SDME-GC -MS (20) , DLLME-GC -ECD (24), HS tube extraction themodesorption GC -MS (15), HS-SPME-GC -ECD (16), ionic liquid (IL) HS-SDME-GC-MS (22) and static HS (26) .
Linearity and LOD
Accuracy, precision, matrix effect and analysis of real water samples To investigate the matrix effect on the efficiency of the proposed method, deionized/distilled water, tap water and sea water were examined under the optimal conditions. The results for the water samples showed that they were free of CB contaminations. Hence, CBs with different concentration levels were spiked into 500 mL of water samples to assess matrix effects (Table II) . Table II shows that the recovery values of spiked CBs with external calibration in deionized/distilled water, tap water and sea water were in the ranges of 99 -115, 91-106 and 96 -110%, respectively, and with RSDs of 4.5 -7.6, 4.2 -6.8 and 3.6 -6.6% (n ¼ 5), respectively. The results indicated that the matrices of the deionized/distilled water, tap water and sea water had negligible effects on the performance of the method. Figure 4 shows the chromatogram obtained for standard solution, sea water and spiked sea water at a certain concentration level of CBs.
Discussions
This study explored the applicability of SPDE to the concentration of CBs in aqueous matrices. The effects of several variables, including elution solvent, volume of eluent solvent, pH values of water samples, flows of water samples and salinity of water samples, were investigated and optimized to achieve high sensitivity of the proposed method.
Under the optimized SPDE conditions, as shown in Figure 4 , the selected chromatographic conditions resulted in good chromatographic resolution, with good peak separation.
A very good linear correlation (r 2 . 0.999) between the concentration and peak area of analytes was obtained for all target analytes from the linearity test solutions.
As shown in Table I , the LODs of CBs obtained with SPDE-GC -ECD are superior to those obtained with EPA 8121 GC-ECD in addition to SPE-GC-MS, HS-SPME-GC -MS, HS-SDME-GC -MS, DLLME-GC -ECD and static HS. In comparison with HS tube extraction thermodesorption GC-MS, HS-SPME-GC -ECD and IL-HS-SDME-GC-MS, the LODs obtained from the SPDE-GC -ECD method are lower (except for DCB).
The better LODs of CBs from the proposed SPDE method may be attributed to larger amounts of water samples that were concentrated in the C18 disks. As discussed previously, the SPDE-GC -ECD method was very sensitive to the analysis of TCB, TeCB, PeCB and HCB. Therefore, the present method is a simple and sensitive technique that can be used for the determination of CBs in the water samples. As shown in Table II , the values of recovery and RSDs demonstrated that the accuracy and precision of the proposed method were acceptable for the analysis of residues.
Conclusions
This paper describes an SPDE method combined with GC-ECD that is applied to the analysis of 11 CBs in water samples. The results of this study demonstrate that the proposed method provides acceptable recovery and repeatability values for CBs from deionized/distilled water, tap water and sea water.
The proposed method is linear over a wide range. Detection limits at the low ng/L level were achieved with a water sample volume of 500 mL. A comparison with other previously reported studies indicated that the proposed high throughput method is simple, rapid, convenient and sensitive.
